. Muscle-type specific fatty acid metabolism in insulin resistance: an integrated in vivo study in Zucker diabetic fatty rats.
THE CLOSE LINK BETWEEN CARBOHYDRATE and lipid metabolism is unequivocally demonstrated by the findings that 1) obesity is linked to insulin resistance (IR; see Refs. 5, 45, 53), 2) fat feeding induces IR (40) , and 3) body weight reduction reduces IR (15, 17) . Recent studies in humans and animals showed a strong relationship between IR and increased lipid content in nonadipose tissue like muscle (2, 4, 16, 20, 26, 41, 57) and liver (1, 34, 49) . Skeletal muscle accounts for up to 90% of insulin-stimulated glucose disposal (54) . In untrained individuals, IR correlates well with intramyocellular lipid content (IMCL) (26, 29, 32, 35, 41) , which can be measured noninvasively by 1 H magnetic resonance spectroscopy (MRS) in humans (6, 52, 56) and rats (21, 27) .
The molecular basis for the interaction of glucose and fatty acid metabolism is still not completely elucidated. In addition to Randle et al.'s (42) glucose-fatty acid cycle, whose entire validity has been repeatedly questioned (46, 47, 53) , other mechanisms were proposed to explain how fatty acids impair glucose metabolism. Muscle triglycerides themselves do not seem to interfere directly with insulin action but reflect rather some other lipid-dependent changes resulting in IR (9, 35) . Good candidates are presently metabolites derived from intramyocellular fatty acids, like long-chain fatty acyl-CoAs (LCACoAs; see Refs. 9, 18, 61), which are thought to activate directly or indirectly via diacylglycerol (19, 38) -specific protein kinase C isoforms (19, 61) , ultimately resulting in the inhibition of insulin signaling molecules by serine phosphorylation and impairment of glucose uptake (53) .
Whether skeletal IMCL levels and IR are causally connected remains unclear. The failure to clarify this relationship is probably also related with the often used generic concept "skeletal muscle," which fails to account for the large functional and metabolic variability of muscle tissue. The rat has muscles with highly specific fiber types and thus offers the chance to study their specific response.
Fatty acid metabolism in skeletal muscle is far from being homogenous when different fiber types are compared with respect to biochemical and physiological properties. Skeletal muscle comprises the following four different fiber types: one slow-twitch fiber type (type I, oxidative) and two fast-twitch fiber types (type IIA, oxidative/glycolytic and type IIB, nonoxidative/glycolytic), as well as an additional fiber type named IID/X, which is in between type IIA and IIB fibers (11) . During a 5-day fed-starvation-refed study in Wistar rats, the elevation of plasma free fatty acids (FFA) led to muscle type-specific responses in intramyocellular fatty acid metabolism (39) ; in nonoxidative muscles, IMCL levels increased significantly during starvation, whereas in the oxidative soleus muscle IMCL levels remained constant. Similar muscle type-specific differences in starvation-induced dynamics of IMCL have recently been demonstrated also in humans (58) . In our study with Wistar rats (39) , in the glycolytic longissimus dorsi muscle, LCACoA levels remained constant during the starvation period. From these findings it was concluded that, during starvation-induced adipocytic lipolysis, oxidative muscle disposes elevated FFA by oxidation, whereas nonoxidative muscles neutralize FFA by reesterification. Both mechanisms might prevent the impairment of insulin signaling by keeping the levels of LCACoAs low.
The present study was performed to characterize dynamics of fatty acid metabolites, in relationship with IR. We chose the adolescent male obese Zucker diabetic fatty (ZDF) rat as the animal model displaying an insulin-resistant prediabetic condition. The muscles white tibialis anterior (wTA, predominantly type IIB fibers), extensor digitorum longus (EDL, mainly type IIB fibers), and soleus (predominantly type I fibers) were selected to cover the spectrum from glycolytic to oxidative fiber type. In these three muscles, IMCL levels and dynamics during fed-to-starved-to-refed transition were investigated and correlated with levels of malonyl-CoA, with individual types and levels of LCACoAs, and with relevant plasma parameters (glucose, insulin, triglycerides, FFA, and ketone bodies) in an integrated effort to identify key differences between insulin-resistant and -sensitive metabolism.
RESEARCH DESIGN AND METHODS

Animals.
Male lean (ZDF/Crl-ϩ/?) and obese (ZDF/Crl-fa/fa) ZDF rats were obtained from Charles River (Sulzfeld, Germany) and were studied at the age of 8 wk. Animals were housed in pairs at 20°C and on a 12:12-h light-dark cycle with ad libitum access to water.
Experimental protocol. All experimental procedures were conducted according to the German Animal Protection Law. The study protocol included groups of lean and obese ZDF rats; the study ran for 5 days and consisted of the following study points: normal fed; 24, 48, and 72 h starvation; and refed. At each study point, body weight and metabolic serum parameters were measured.
MRS groups. IMCL values were determined repeatedly in all animals (n ϭ 8 lean and obese) by in vivo 1 H-MRS in wTA (glycolytic), EDL (intermediary), and soleus (oxidative).
Satellite groups. In parallel groups (n ϭ 8 lean and obese for each study point), defined tissue samples were collected as follows: wTA, EDL, and soleus muscles of both hindlegs were isolated and immediately frozen in liquid nitrogen. In these samples, malonyl-CoA and total creatine (tCr) levels were determined. LCACoA levels in these three muscles were measured in additional rats at the study points mentioned in Experimental protocol (except the 48-h time point). Furthermore, insulin sensitivity was determined with the euglycemichyperinsulinemic glucose clamp in additional rats (n ϭ 6 lean and obese) both after 24 and 72 h of starvation.
MRS. In vivo MRS studies in anaesthetized rats were performed on a 7 Tesla Biospec system (Bruker BioSpin, Ettlingen, Germany) as described previously (27) . Briefly, IMCL was observed using a single voxel spectroscopy sequence. IMCL was determined as IMCL-to-tCrratio in the three muscles. The validity of this approach was checked by biochemical determination of tCr in muscle tissue samples. There was a difference of ϳ35% in the tCr content of soleus vs. wTA. Therefore, IMCL values were normalized to biochemically determined tCr in wTA.
Euglycemic-hyperinsulinemic glucose clamp study. To investigate insulin sensitivity in lean and obese rats, euglycemic-hyperinsulinemic glucose clamp studies with infusion rates of 9.6 mU ⅐ kg Ϫ1 ⅐ min Ϫ insulin and 1 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 [U- 13 C]glucose were performed under pentobarbital sodium anesthesia as described previously (39) after both a 24-h and a 72-h period of starvation.
Monitoring of metabolic serum parameters. Blood samples were taken from the tip of the tail for determination of blood glucose. Samples for monitoring of FFA, ketone bodies, triglycerides, and insulin were obtained by puncture of the sternal venous plexus during short-term isoflurane anesthesia. Blood samples were obtained from all groups (MRS and satellite groups). Representative values are shown from the MRS groups.
Analytical procedures of blood parameters. Standard procedures were used to determine blood glucose, FFA, ketone bodies, and triglycerides (3). Plasma insulin concentrations were assayed by RIA (Linco).
HPLC analysis of malonyl-CoA, tCr, and LCACoAs. HPLC analysis was performed using a Waters Alliance 2690 system (2487 detector; Millennium 2010 chromatographic manager).
Measurements of malonyl-CoA and tCr in muscle were performed in freeze-dried tissue as described previously, whereas analysis of LCACoAs was slightly modified (39) .
Tissue was homogenized, and C17:0-CoA was added as an internal standard. LCACoAs were then extracted from the tissue. After centrifugation, the supernatant was applied to a solid-phase extraction column. An aliquot of the resulting eluate was then applied to the HPLC column. The gradient system included three mobile phases, as follows: KH2PO4 (25 mmol/l, pH 4.9), acetonitrile (ACN), and methanol. The starting conditions were 40% KH2PO4, 30% ACN, and 30% methanol. The flow rate was set at 0.4 ml/min. Over 30 min, ACN increased to 50%, whereas KH2PO4 decreased to 20% and methanol remained constant at 30%. The sum of the major species (C16:0, C16:1, C18:0, C18:1, C18:2, and C20:4) was referred to as total LCACoAs, the sum of C16:0, C16:1, C18:0, and C18:1 was referred to as saturated plus monounsaturated (SAT ϩ MUFA), and the sum of C18:2 and C20:4 was referred to as polyunsaturated (PUFA) LCACoAs.
Enzymatic characterization of muscle tissue. To characterize the individual muscles biochemically, the maximal activity of four enzymes involved in energy metabolism was determined in tissue extracts of fed rats: glycogen phosphorylase (GPase, EC 2.4.1.1) as an indicator for glycogen breakdown; hexokinase (HK, EC 2.7.1.1), as such for glucose transport and phosphorylation; glyceraldehyde-3-phosphate dehydrogenase (GAPDH, EC 1.2.1.12) and ␤-hydroxyacylCoA dehydrogenase (HOAD, EC 1.1.1.35) as markers for glycolysis and mitochondrial fatty acid oxidation. Enzymatic activities were assayed according to standard procedures (3) .
Statistical analysis. Data are presented as means Ϯ SE. Statistical differences between lean and obese rats at the different study points were determined using a one-way ANOVA followed by a post hoc analysis with Bonferroni's correction. When testing for differences between the different study points, a two-factor ANOVA (for repeated measures) followed by a post hoc analysis with Bonferroni's correction was used (software package SigmaStat; Jandel, Erkrath, Germany). The differences in the relationship of GAPDH-to-HOAD and GPase-to-HK-ratio between lean and obese animals were tested using a one-way ANCOVA (SPSS; SPSS, Chicago, IL). P Ͻ 0.05 was considered to be statistically significant.
RESULTS
Biochemical muscle characterization.
The biochemical values allowed clear classification of the "fast-twitch" wTA by a high glycogenolytic and glycolytic together with a low lipid oxidative activity, with the corresponding values for the "slowtwitch" soleus indicating the opposite (Table 1) . EDL values were in between. The GAPDH-to-HOAD ratio, reflecting glycolysis relative to lipid oxidation, decreased from glycolytic over intermediate to oxidative muscle. However, in all obese ZDF muscles, maximal HK activity was reduced, which, combined with a tendency toward higher GPase activity, resulted in higher GPase-to-HK-ratios (P Ͻ 0.001) for all types. On plotting the GAPDH-to-HOAD against the GPase-to-HK-values for the three muscle types of each strain, we obtained excellent linear correlations (Spearman correlation; lean ZDF: r ϭ 0.903, P Ͻ 0.001; obese ZDF: r ϭ 0.895, P Ͻ 0.001). These correlation lines were significantly different (ANCOVA, P Ͻ 0.001). The lipid oxidative capacity was reduced only in wTA of obese vs. lean animals (P Ͻ 0.05).
Glucose clamp. After 24 h of starvation, obese rats displayed a significantly lower glucose infusion rate (GIR, P Ͻ 0.001) and glucose disposal (R d , P Ͻ 0.001) value during the clamp compared with lean littermates, indicative of their marked IR (Table 2) . Prolonged starvation of 72 h in obese rats had no effect on insulin sensitivity during the clamp in terms of GIR and R d . In lean rats, however, prolonged starvation of 72 h caused a significant increase of basal R d (ϭ basal endogenous glucose production, EGP). Furthermore, during the clamp, a significantly lower GIR was required to maintain euglycemia than after the 24-h fast. However, there was still a significant difference between both groups with regard to GIR (P Ͻ 0.001) and R d (P Ͻ 0.05) after prolonged fasting of 72 h, reflecting the IR condition of the obese animals.
Body weight and metabolic serum parameters. The changes of body weight and metabolic serum parameters during the study period were similar for the MRS and satellite groups (representatively shown for the MRS groups in Fig. 1 ). In the fed state, body weight, blood glucose, insulin, and triglyceride levels of the obese rats were increased (P Ͻ 0.001) compared with their lean littermates. Ketone bodies and FFA levels were not different between both groups.
During transition from fed to fasted, blood glucose decreased, with the obese group reaching normoglycemia. Insulin and triglyceride levels also decreased during starvation. Both groups exhibited similar plasma FFA levels up to 48 h of starvation. Thereafter, the lean animals had evidently depleted their lipid stores and FFA decreased. In the lean group, ketone values followed FFA development and also decayed at 72 h, reflecting exhaustion of fat stores. In the obese rats, ketone body increase was delayed, indicating an impaired hepatic fatty acid oxidation. These entire results are consistent with metabolism during starvation. Refeeding after 3 days caused an immediate reversal of all parameters (Fig. 1) .
Malonyl-CoA. In the fed state, malonyl-CoA levels for every muscle type were similar in both strains (Fig. 2) . In the obese, malonyl-CoA levels were significantly elevated in their wTA but reduced in their EDL. In soleus, malonyl-CoA levels did not vary throughout the study in either group. During starvation, the lean group showed larger malonyl-CoA changes than the obese, and the changes increased with rising glycolytic capacity. In the lean rats, malonyl-CoA in wTA and EDL decreased significantly during the first 48 h in the obese only in wTA, reaching a minimum at 24 h, whereas EDL showed no variation.
IMCL. In the fed state, IMCL levels of the obese rats were significantly higher in all muscles than in their lean littermates (Fig. 3) . The relative IMCL interstrain differences were most pronounced in wTA (394%) followed by EDL and soleus (333% and 304%, respectively). During starvation, IMCL in wTA and EDL rose significantly in both groups (Fig. 3, A and  B) , whereas in soleus of lean rats the increase was much lower, and in obese rats IMCL levels remained constant (Fig. 3C ). In the lean group, IMCL values for all three muscles declined Values are means Ϯ SE; n ϭ 8 rats. ZDF, Zucker diabetic fatty. Maximal enzymatic activities of glycogen phosphorylase (GPase), hexokinase (HK), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ␤-hydroxyacyl-CoA dehydrogenase (HOAD) in three muscle types, and average ratios of GPase-to-HK and GAPDH-to-HOAD. *P Ͻ 0.001 and †P Ͻ 0.05 vs. lean. Values are means Ϯ SE; n ϭ 6 rats. Mean values of glucose infusion rates (GIR), endogenous glucose production (EGP), and glucose disappearance rates (Rd), as well as free fatty acids (FFA) and plasma insulin during euglycemic hyperinsulinemic glucose clamp studies in lean and obese ZDF rats, starved for 24 and 72 h. *P Ͻ 0.001 and †P Ͻ 0.05 vs. lean. ‡P Ͻ 0.05 and §P Ͻ 0.001 vs. 24 h.
already at 48 h, again indicating depletion of lipid stores. On refeeding, IMCL levels normalized (Fig. 3) .
LCACoA. Levels of total LCACoA in wTA, EDL, and soleus were similar in fed lean and obese rats (Table 3) and did not correlate with their corresponding IMCL values. The lowest absolute values for total LCACoA levels were in the glycolytic wTA, the highest in the oxidative soleus muscle for both groups. When subgrouping LCACoA species to SAT ϩ MUFA and PUFA, the values for SAT ϩ MUFA in the fed state were significantly higher in obese compared with lean rats in all three muscle types. Furthermore, we observed a significant increase in SAT ϩ MUFA levels in the insulin-resistant obese animals during starvation, whereas SAT ϩ MUFA in lean rats increased transiently in EDL and in soleus muscle, not in wTA, during the first 24 h of starvation but decreased to fed values or even below during prolonged starvation.
During early starvation, when IMCL increased strongly in wTA and EDL but not in soleus, total LCACoA levels changed significantly solely in EDL of both strains. For the SAT ϩ MUFA subgroup, however, a prolonged increase was observed in the obese animals, but not in the lean animals, in all three muscles.
In the lean group, a decrease of total LCACoA levels was observed at 72 h of starvation (Table 3) . This is consistent with the incipient drop of FFA, ketone bodies, and IMCL observed in this group already at 48 h of starvation and reflects the depletion of lipid stores.
DISCUSSION
In humans, overt type 2 diabetes is usually preceded by decades of IR. In the male ZDF rat, this prediabetic state lasts only several weeks before they become overt diabetic at the Fig. 1 . Representative values for body weight (A), blood glucose (B), insulin (C), free fatty acids (FFA; D), ketone bodies (hydroxybutyrate ϩ acetoacetate; E), and triglyceride (F) during fed, 24-, 48-, and 72-h-fasted, and refed conditions in male lean (E) and obese (F) Zucker diabetic fatty (ZDF) rats. All values are from one group of animals (magnetic resonance spectroscopy group). Values are means Ϯ SE; n ϭ 8 rats. *P Ͻ 0.05 and **P Ͻ 0.001 vs. fed condition; †P Ͻ 0.05 and † †P Ͻ 0.001 vs. lean. age of ϳ10 wk. At the age of 8 wk, the obese ZDF rats showed markedly reduced insulin sensitivity (GIR, clamp R d ) compared with their lean littermates. According to the prevailing view that starvation induces IR (33), we measured insulin sensitivity by the glucose clamp technique after 24 and 72 h of starvation in both rat groups. Consistent with the constant levels of FFA, IMCL, and LCACoA in muscle of obese rats after a fast of 24 and 72 h, there was no change in insulininduced muscle R d detectable after prolonged starvation. After 72 h of starvation, lean rats demonstrated lower FFA, IMCL, and LCACoA compared with the values after 24 h of starvation, which might reflect a different state of intermediary lipid metabolism after nearly complete mobilization of fat stores, as mentioned below. In fact, muscle R d during basal conditions (i.e., basal EGP) was increased after 72 h of starvation, which was consistent with the reduced serum and tissue lipid parameters. However, whole body insulin sensitivity (GIR) was reduced in lean rats after prolonged starvation, which was based on a nonsuppressable EGP by insulin, reflecting hepatic IR after 72 h of starvation.
The biochemical characterization of the different muscle fiber types used for this study confirmed the classification of wTA, EDL, and soleus muscle as "fast twitch, glycolytic," "intermediary," and "slow twitch, oxidative," respectively (Table 1). Specifically, the reduction of maximal HK activity in all three muscles of the obese rats was consistent with their degree of IR ( Table 2) . As expected, mitochondrial fatty acid oxidation capacity (HOAD activity) was low in glycolytic and high in oxidative muscles. Additionally, HOAD activity was reduced (P Ͻ 0.05) in wTA but not in EDL or soleus of the obese strain. For Sprague-Dawley rats, histochemically determined muscle fiber compositions of 76 muscles have been reported and demonstrated that 89% of total skeletal muscle mass was comprised of glycolytic fiber types (71% for type IIB and 18% for type IID/X fibers) and only 11% oxidative fiber types (6% for type I and 5% for type IIA fibers; see Ref. 11) . Assuming a similar proportion of fiber type composition of total skeletal mass in ZDF rats, the importance of glycolytic muscles for insulin sensitivity in rats is evident (28) .
Fed state. The higher IMCL values of the obese rats were consistent with their degree of IR. The relative IMCL interstrain differences were most pronounced in wTA (394%) followed by EDL and soleus (333 and 304%, respectively) and predicted the relative responses of IMCL resulting from starvation described later. In spite of these important differences, the levels of plasma FFA, as well as the total LCACoA levels, were identical in both strains. The markedly increased serum triglyceride levels during fed conditions seem to determine IMCL values rather than FFA. Additionally, the obese rats exhibited higher body weight, which has been shown to be a result of a reduced lean-to-fat mass ratio (13) . All of these factors have been shown to correlate with higher IMCL values and IR in rats (24) and in humans. Malonyl-CoA levels in soleus were not significantly different between the two strains as opposed to previous reports (50, 51) . It seems questionable whether the small, although statistically significant, differences of malonyl-CoA levels detected in wTA and EDL were sufficient to influence ␤-oxidation.
Transition to starvation and to refeeding. In lean rats starved for 72 h, starvation-induced elevated levels of FFA, ketone bodies, and IMCL as well as total LCACoAs decreased. These decreases were consistent with a nearly complete mobilization of fat stores in lean animals after 72 h of food deprivation in contrast to obese rats. Therefore, the results for the lean rats from this time point should be interpreted separately, since this long-lasting food deprivation might reflect a different state of starvation with a subsequent different impact on intermediary metabolism compared with that of obese rats.
Some of our recently reported findings on lipid metabolism during starvation in normal, insulin-sensitive Wistar rats (39) were confirmed by the present study: muscles with different fiber types coped with starvation-induced elevated FFA levels differently (glycolytic wTA and intermediary EDL by increasing FFA reesterification and storage as IMCL and oxidative soleus probably by ␤-oxidation).
In wTA, the scarce lipid oxidative capacity available (Table  1) was strongly or even maximally activated by low malonyl- Values are means Ϯ SE and are from satellite groups; n ϭ 8 rats. Units are nmol/g dry muscle tissue. LCACoA, long-chain acyl-CoA; SAT, saturated (C16:0; C18:0); MUFA, monounsaturated (C16:1; C18:1); PUFA, polyunsaturated fatty acid (C18:2; C20:4). *P Ͻ 0.001 and †P Ͻ 0.05 vs. lean. ‡P Ͻ 0.05 and §P Ͻ 0.001 vs. respective fed.
CoA levels at 48 h ( Fig. 2A) in lean animals, whereas in the obese rats the decrease in malonyl-CoA levels was less pronounced. In this group of animals, the drop in malonyl-CoA was obviously insufficient for an adequate carnitine palmitoyltransferase (CPT) I function and subsequent efficient fatty acid oxidation, and FFA had to be stored as IMCL (Fig. 3A) . In line with this interpretation were the EDL figures. In the obese, there was no significant change in malonyl-CoA and a rise for IMCL up to a level of 6 arbitrary units (AU; Fig. 3B) , and in the lean there was a significant reduction of malonyl-CoA by 0.6 nmol/g together with an IMCL increase up to a level of Ͻ3 AU. In the oxidative soleus, however, neither malonyl-CoA nor IMCL values experienced any change at any time. In glycolytic muscle, cytosolic malonyl-CoA levels depend primarily on the production of acetyl-CoA via glycolysis, whose activity will be strongly diminished during starvation. The concomitant increase in IMCL and fall of malonyl-CoA values support the concept that, as a reaction to increased FFA availability during starvation, glycolytic muscle (wTA and EDL) will activate lipid oxidation more the lower its maximal oxidative capacity and then store the rest as IMCL. The smaller malonyl-CoA changes observed in the muscles of obese rats probably reflected their reduced HK activity and their inherent IR. Referring to data from the literature, the concentrations of malonyl-CoA measured in our study (wTA ϳ600 nM, EDL ϳ400 nM) should inhibit CPT I at all times (37, 59 (36) suggested the possible distribution of total muscle malonyl-CoA to subcellular compartments unavailable to the CPT I enzyme. Yet, the muscle fatty acyl-CoA concentration might also be high enough during starvation (reflected by increased LCACoA levels in starved animals) to displace a significant fraction of malonyl-CoA from the enzyme (60). In liver, the sensitivity of CPT I to malonyl-CoA inhibition has been reported to decrease in fasted rats (44) . This may also be true for CPT I in rat muscle.
In line with this interpretation, malonyl-CoA concentrations rose on refeeding in glycolytic wTA and EDL of the lean group. Because IMCL declined already at 72 h in the lean rat muscles because of their exhausted fat stores, no additional drop in IMCL was detected when refeeding the animals. Chien et al. (8) reported rapid increases in malonyl-CoA levels in Sprague-Dawley rats on refeeding for their gastrocnemius (60% within 1 h), presumably white gastrocnemius, and their soleus muscle (100% within 1 h). However, the initial fed-state value of ϳ2 nmol/g was not obtained before 12 h of refeeding. These findings agree with our data. We observed increases in malonyl-CoA in wTA and EDL of lean insulin-sensitive rats after refeeding them overnight. The soleus muscle, however, showed no such dynamics during fed-to-starved-to-refed transition.
Because we did not observe any starvation-induced changes in the malonyl-CoA content of the soleus muscle, we conclude that, in contrast to glycolytic muscles, the oxidative soleus in both strains did obviously not require an activated ␤-oxidation via reduced malonyl-CoA levels nor an enhanced IMCL storage to cope with the starvation-induced increased FFA supply. Actually, according to all biochemical and physiological parameters measured, soleus was only affected a little by the feeding status or the insulin-resistant condition. The question arises whether, during starvation, malonyl-CoA plays the same role in oxidative as in glycolytic muscle. In soleus with its low glycolytic capacity, malonyl-CoA could partly be derived from mitochondrial lipid oxidation and export of citrate. This supports the additional existence of a malonyl-CoA-independent mechanism for transfer of LCACoAs to mitochondria, which has recently been described (23, 25) . Furthermore, a higher concentration of LCACoA-binding protein (ACBP) has been reported for soleus vs. EDL muscle and for obese vs. lean Zucker rats (14) . In our study, the levels of total LCACoA increased from wTA over EDL to soleus. The increase in ACBP could be an attempt to protect the cell against too high concentrations of LCACoA in the cytosol while maintaining the availability of fatty acids as energy substrate in the oxidative muscle.
The decrement in malonyl-CoA in the glycolytic muscles was larger in the lean animals compared with the insulinresistant obese, hinting at a higher metabolic flexibility in the former. The obese animals, although having much higher IMCL levels, appeared to be metabolically "inflexible" due to a relatively smaller decrement in malonyl-CoA, whose levels were obviously not permissive for appropriate CPT I function and subsequent adequate fatty acid oxidation. Besides the diminished capacity for lipid oxidation, total lipid (FFA plus triglyceride) concentration in plasma is elevated in the obese rats. Therefore, obese rats have to store lipids as IMCL for two reasons. First, the smaller decrement of malonyl-CoA that prevents appropriate lipid oxidation and, second, the greater amount of lipids entering the muscle cell. Therefore, our observations support the regulatory fuel-sensing role of malonyl-CoA to control fatty acid oxidation in glycolytic muscles in the fed-to-starved and in the starved-to-refed transition in lean insulin-sensitive rats, whereas in the obese insulin-resistant animals this fuel-sensing system is obviously defective, reflecting an impaired metabolic flexibility (35, 43, 48) .
On absolute terms, the starvation-induced changes in IMCL were far larger in the obese animals (for wTA and EDL, respectively, 3.2 and 1.2 AU in lean vs. 6.2 and 2.3 AU in obese rats within 24 h of starvation). These changes occurred in parallel to those observed for plasma FFA levels (Figs. 1 and  3) , confirming the influence of FFA on the dynamics of IMCL (7). In both rat strains, plasma FFA levels were identical in the fed state and up to 48 h of starvation despite highly different IMCL values. These findings suggest larger esterification rates fueled by increased fluxes of FFA in the obese rats, finally leading to accumulation of IMCL. The higher FFA levels in obese rats measured during the glucose clamp study might be related to the long-term pentobarbital sodium anesthesia in contrast to the short-term isoflurane anesthesia for blood collections in all other studies.
During starvation, skeletal muscle lipoprotein lipase (LPL) activity is increased compared with adipose tissue LPL, leading to an increased uptake of triglyceride-derived fatty acids in the skeletal muscle cell (30) . Because the obese animals display higher serum triglyceride levels compared with lean animals, an increased uptake of triglyceride-derived fatty acids might be an additional cause for the elevated absolute IMCL values in obese compared with lean animals during starvation.
LCACoA. The dissociation of changes in LCACoA and IMCL levels in the presence of starvation-induced elevated FFA supports the concept that intramyocellular reesterification of fatty acids is a physiological mechanism to control LCACoA levels and thereby efficiently prevents impairment of insulin signaling, at least in glycolytic muscles. That triglyceride accumulation protects against fatty acid-induced lipotoxicity in the context of apoptosis has also been reported from in vitro studies with cells (31) .
The lower insulin sensitivity (GIR, R d ) in insulin-resistant obese ZDF rats compared with their lean littermates occurred in the presence of comparable levels of total LCACoAs in all three muscle types. Elevated LCACoA levels in muscle have been identified in rats and mice being fed a high-fat diet and demonstrating IR (12, 22, 40) . The elevated saturated and monounsaturated LCACoAs (SAT ϩ MUFA) in obese rats compared with lean rats might be consistent with the notion of the metabolically more deleterious effects of SAT ϩ MUFA compared with PUFA (10, 55) .
It is concluded that IMCL is the most robust noninvasive biomarker for IR in ZDF rats compared with any other metabolic tissue or blood parameter determined in this study; however, muscle type-specific differences regarding enzymatic capacity and thus fatty acid metabolism have to be considered when applying this biomarker. Our study supports the concept of "metabolic inflexibility" in the obese ZDF rats, which is reflected by markedly increased IMCL levels and a smaller drop in malonyl-CoA levels during starvation in wTA and EDL than in the lean littermates. The concomitant increase in IMCL with the fall of malonyl-CoA supports the concept that, as a reaction to starvation-induced FFA availability, muscle will activate lipid oxidation more the lower its oxidative capacity (wTA Ͼ EDL Ͼ soleus) and then store the rest as IMCL.
